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ABSTRACT
Stat transcription factors have been implicated in tumorigenesis in mice and men. Stat3 and Stat5 are considered powerful proto-oncogenes, whereas Stat1 has been demonstrated to suppress tumor formation. We demonstrate here for the first time that a constitutive active version of Stat3alpha (Stat3alphaC) may also suppress transformation. Mouse embryonic fibroblasts (MEFs) deficient for p53 can be transformed with either c-myc or with rasV12 alone. Interestingly, transformation by c-myc is efficiently suppressed by co-expression of Stat3alphaC, but Stat3alphaC does not interfere with transformation by the rasV12-oncogene. In contrast, transplantation of bone marrow cells expressing Stat3alphaC induces the formation of a highly aggressive T cell leukemia in mice. The leukemic cells invaded multiple organs including lung, heart, salivary glands, liver and kidney. Interestingly, transplanted mice developed a similar leukemia when the bone marrow cells were transduced with Stat3beta, which is also constitutively active when expressed at significant levels. Our experiments demonstrate that Stat3 has bothtumor suppressing and tumor promoting properties.
INTRODUCTION
The Jak-Stat pathway transmits cytokine and growth factor signals into the nucleus of target cells to control gene expression. Jak-Stat activation is important for many normal cellular functions but aberrant activity is associated with tumorigenesis. Stat proteins are activated by tyrosine kinase signaling which determines their dimerization and nuclear translocation, DNA binding and activation of target gene expression (1-3).
Although Stats have been originally described in the context of physiological processes, an increasing number of recent studies have implicated Stat activation in transformation and tumor progression. In particular constitutively active Stat5 and Stat3 have been detected in human as well as murine tumors. The generation of a constitutively active mutant of Stat3 (Stat3alphaC) allowed for the first time to directly link Stat3 to tumor formation and defined Stat3 as a proto-oncogene (4) . The expression of Stat3alphaC in a rat fibroblast cell line transformed the cells and induced tumor formation in nude mice (4) . The generation of gene targeted mice allowed further insights into the function of Stat3 and established Stat3 as an important tumor promoter (5, 6) . So far, no mutations of Stat3 have been detected in human patients suffering from cancer, Stat3 activation is the result of persistent stimulation via upstream signals. Stat3 has been shown to be activated by several different oncogenes such as v-src or v-abl. In addition, many growth factor receptors that are implicated in tumorigenesis like the epidermal growth factor receptor, vascular endothelial growth factor receptor or human epidermal growth factor receptor 2 activate Stat3. The knock down of Stat3 by siRNA or using dominant negative versions in human cancer cells has proven the importance of Stat3 signaling in tumor progression and maintenance. Stat3 is now considered a potential future drug target (7-9).
The target genes regulated by Stat3 supporting oncogenesis can be grouped according to their function (9) . One group comprises anti-apoptotic target genes as bcl xL , mcl-1 or survivin that enhance the survival of transformed cells (10) . Other target genes that regulate proliferation include D type cyclins and c-myc and link elevated Stat3 activation to accelerated cell cycle progression (11) . Besides these Stat3-mediated effects that are visible in vitro further important consequences of Stat3 activation for tumor progression can only be analyzed in vivo. This includes Stat3 target genes such as vascular endothelial growth factor, hepatocyte growth factor, basic fibroblast growth factor and hypoxia inducible factor 1alpha, all important mediators of angiogenesis. Furthermore, Stat3 activation provides a direct link to immuno-suppression. Recent work has elucidated that the inhibition of Stat3 in tumor cells significantly enhances the immunological response against the growing tumor. Several mechanisms seem to account for the Stat3 mediated immunesuppression, among them effects on the maturation and presentation of dendritic cells (12) . One explanation for the diversity of responses and the functional heterogeneity evoked by Stat3 is the fact that two differentially spliced isoforms of Stat3 exist, Stat3alpha and Stat3beta. Stat3beta has a shorter and unique transcriptional activation domain at the C-terminus. It has been initially viewed as having antagonistic functions being dominant negative. Only recently, it was proven that both, Stat3alpha and Stat3beta have unique and specific functions and might modulate their own sets of target genes (13) .
In this study we show that the definition of functional heterogeneity of Stat3 reaches even further complexity. Dependent on the cellular context Stat3 may act as a tumor suppressor or as a tumor promoter. In primary fibroblasts the tumor suppressing activities of Stat3 dominate. In contrast, in primary hematopoietic cells both Stat3 isoforms act as tumor promoter.
MATERIALS AND METHODS
[ 3 H] thymidine incorporation
Cells were plated at a density of 2x10 5 cells in 96 round bottom wells. 0.1 microCi [
3 H]thymidine/well was added 18 hours after plating for another 12 hours.
Retroviral constructs
For retroviral infections the following inserts were cloned into a pMSCV-IRES-eGFP backbone: Stat3alpha, Stat3alphaC, Stat3beta and Stat3betaC. The point-mutations causing constitutive activation of Stat3 are described in (4).
Tissue culture and retroviral infections of fibroblasts
The human embryonic kidney cell line 293T, the retroviral producer cell line Phoenix, the murine embryonic cell line NIH3T3 and Stat3 -/-mouse embryonic fibroblasts (MEFs) were grown in DMEM (HEPES modification, Sigma) supplemented with 10% fetal bovine serum (FCS, Gibco, BRL), penicilline (1 U/ml)/ streptomycine (100 microg/ml) (Biochrom AG) and 2 mM L-glutamine (GIBCO BRL). Cells were grown at humidified 37° C, 5% CO 2 . For retroviral infections of fibroblasts, supernatant of Phoenix cells, transiently infected with pMSCV-IRESeGFP constructs using Lipofectamine Plus (Invitrogen Life Technologies), was transferred to the target cells for 12 hours.
Retroviral infection and bone marrow transplantation studies
Bone marrow transplantation studies were performed as described previously (14, 15) . Briefly, stable producer cell lines (GP+E86) were seeded onto gelatinecoated dishes, grown to confluency and subsequently irradiated (1,400 RADs). Bone marrow from 8-12 week old male C57/Bl6 X 129/Sv F1 mice was co-cultivated with the producer cell lines in DMEM supplemented with 10% FCS, 1x penicillin/streptomycin, 2 mM L-glutamine, 1x MEM non essential amino acids, 1 mM MEM sodium pyruvate, 10 mM Hepes pH 7.3, 50 ng/ml mIL-6 (R&D systems), 20 ng/ml recombinant mIL-3 (PrepCo Tech Inc), 500 ng/ml mSCF (R&D systems) and 6 microg/ml polybrene at a concentration of 2.25x10 6 cells/ml. After 60 hours, 5x10 6 infected bone marrow cells were injected into the tail vein of lethally irradiated (1,080 RADs) female C57/Bl6 X 129/Sv F1 mice. Mice were every other day watched for signs of disease and sick mice were sacrificed for the analysis of bone marrow, spleen and liver infiltration.
Western Blot analysis
For Western blot analysis, cells were rinsed twice in icecold PBS, scraped off and lysed in whole cell extract buffer containing protease and phosphatase inhibitors (20 mM Hepes, pH 7.9, 20% glycerol, 50 mM KCl, 1 mM EDTA, 1 mM DTT (Sigma), 400 mM NaCl, 5 microg/ml leupeptin (Boehringer Mannheim), 0.2 U/ml aprotinin (Bayer), 1mM PMSF (Boehringer Mannheim), 5 mM Na 3 VO 4 , 10 mM NaF, 5 mM beta-glycerophosphate). Protein concentrations were determined by a Bradford assay (Bio-Rad). Protein extracts (10-20 microg) were then separated on a 7.5% SDS polyacrylamide gel and transferred onto NitroPure membranes (Osmonics) by semi-dry blotting. Subsequently, membranes were probed with antibodies against Stat3 (K15), c-Jun (H-79), JunB (210), p16 (M-156), cdk6 (C-21), cyclin D1 (178) and cyclin D2 (593), all purchased from Santa Cruz Biotechnology and beta-actin (Ac-54, Sigma).
Fibroblast focus formation assays
Once retrovirally infected, cells were grown to complete confluency and then no more passaged until foci formation became apparent. Plates were then washed twice in PBS, cells were fixed in 10% formaldehyde/PBS for 30 minutes and then stained with 4% Giemsa (Fluka)/PBS for two hours.
Colony formation assay in growth-factor free methylcellulose
MEFs deficient for p53 were retrovirally infected with c-myc or co-infected with c-myc and Stat3alphaC and subsequently plated in cytokine-free methylcellulose at a density of 2,5x10 5 cells/ml in 35 mm dishes. After 10 days, cloning efficiency was evaluated by counting colonies by light microscopy (Leica Fluovert microscope, 4x magnification). The assays were performed in triplicates. Cells retrovirally infected with the empty vector did not result in growth-factor independent colonies.
Flow cytometric analysis (FACS)
Flow cytometric analysis was carried out using FACSCalibur (Becton Dickinson) and CellQuest software. Single cell suspensions were pre-incubated with CD16/CD32 antibodies (BD Biosciences) to prevent nonspecific Fc-receptor-mediated binding. Subsequently, 5x10 
Tumor formation in nu/nu mice
For analysis of tumor formation in vivo, 3x106 cells were injected subcutaneously into 6 weeks old nu/nu mice. Tumor size was measured 10 days after injection. These animal studies were carried out according to Austrian law. Animals were housed at the Biomedical Research Institute, Medical University of Vienna, under specific pathogen-free sterile conditions.
Gel shift assays (EMSAs)
293T cells or fibroblasts were either left unstimulated or were stimulated with 20 ng/ml recombinant species specific mIL-6 (R&D systems) for 30 min at 37 °C. The cells were harvested and cell pellets were resuspended in whole cell extract buffer (see above). Oligos were annealed at high equimolar concentration in a 200 microl reaction in 0.0625X PCR buffer II (Roche), 0.94 mM MgCl 2 by heating up to 95 °C. Five picomol of double stranded annealed DNA were labeled for 1 hour at 37 °C with 5 microl gamma-ATP 32 P (10000-30000 cpm/microl) using polynucleotide kinase (10 units, Roche) and then purified on size exclusion columns (Micro Bio-Spin 6 chromatography columns, Bio-rad). Whole cell extracts were incubated with labeled probe (20 microl reaction: 20 microg protein extract, 1 microl probe (8000 cpm/fmol), 4 microl 5x binding buffer (50 mM Tris, 5 mM DTT, 1 mM PMSF, 0.5 mM EDTA, 25% glycerol, 250 mM NaCl, 0.5% NP4O), 2 microg Poly dI-dC, 20 microg BSA) for 5-15 min at RT and for supershift with 1 microl of antibody for 5 min on ice. Complexes were separated on non-denaturing 4% acrylamide 0.25x TBE gels, transferred onto filter paper (Whatman chromatography paper), dried and exposed to films.
Reverse transcription polymerase chain reaction (RT-PCR) and analysis of sex-determining region (SRY) expression
First-strand cDNA synthesis and PCR amplification were performed using a RT-PCR-kit (GeneAmp RNA PCR kit; Applied Biosystems) according to manufacturer´s instructions. To avoid genomic contamination RNA was DNase I treated (Roche Applied Science) and the RNA samples were thereafter subjected to an RT-PCR that did not give a PCR product and hence verified the absence of any contaminations. Primer pairs were designed for the detection of pMSCV-Stat3 constructs by RT-PCR with one oligo lying in the retroviral backbone and one primer within the Stat3 insert. The specificity of the primers was controlled for using several leukemic cell lines that express either pMSCV-IRES-GFP, pMSCV-Stat-5-IRES-GFP or pMSCV-cdk6-IRES-GPF (data not shown).
The following primer pairs were used: N-terminus: pMSCVfw: gcc ctc act cct tct cta gg, stat3rev: ctg gca cct tgg att gag agt; alpha C-terminus: stat3alphafw: gca gtt tgg aaa taa cgg tga agg tgc, pMSCVrev: tat tcc aag cgg ctt cgg cca gta a; beta C-terminus: stat3betafw: gtg aca cca ttc att gat gca gtt tgg, pMSCVrev: tat tcc aag cgg ctt cgg cca gta a; reactions were performed using AmpliTaq Gold Polymerase (Roche Molecular Systems). RT-PCR for betaactin served as control: beta-actin: betaactfw: act cct atg tgg gtg acg ag, betaactrev: cag gtc cag acg cag gat ggc. The male SRY specific cDNA was amplified as described previously (16).
3.12.
Mouse pathology, histology and immunohistochemistry Tissues were fixed in 4% formaldehyde/PBS, paraffin-embedded, sectioned, and stained with hematoxylin-eosin (H&E). Immunohistochemistry was performed on serial sections prepared from paraffinembedded, formalin-fixed organ sections using the indirect immunoperoxidase staining technique. Endogenous peroxidase was blocked by methanol/H 2 O 2 . Prior to staining with antibodies, sections were pretreated by microwaving. Sections were stained with anti-CD3 (DAKO), anti-FasR and anti-FasL (Dianova) diluted in 0.05 M Tris-buffered saline (TBS, pH 7.5) plus 1% BSA. Then slides were washed and incubated with biotinylated goat anti-mouse IgG for 30 minutes, washed, and exposed to biotin-peroxidase complex. AEC (red) or DAB (brown) were used as chromogen. Slides were counterstained in Mayer´s Hemalaun. Tissue sections were also stained with hematoxylin and eosin. Histopathology analysis was performed with paraffin-embedded specimens. To compare the expression levels of FasL from normal lung tissue and diseased animals, Stat3alphaC and Stat3beta, target protein expression analysis was performed using immunofluorescence microscopy and digital image analysis techniques. The in vivo protein expression of FasL was measured with the image analysis software of TissueQuest™ from TissueGnostics. The background staining was defined using normal lung tissue that was negative for FasL. The thus derived staining was subtracted from the tumor samples and the results are depicted as mean intensity.
Statistical analysis
Statistics were carried out using a paired t-test or a one-way ANOVA followed by a Tukey test as appropriate.
RESULTS
Stat3alphaC expression blocks cell proliferation in murine fibroblasts
The effects of Stat3alphaC expression on the growth of murine fibroblasts were first tested in a widely established model system, in immortalized NIH3T3 cells. Cell proliferation was monitored by comparing vectorinfected cells to Stat3alphaC expressing cells. As depicted in Figure 1A , Stat3alphaC decreased cell proliferation when analyzed by [ 3 H]thymidine incorporation assays. To screen for a transforming ability of Stat3alphaC the infected as well as the control cells were plated on gelatinecoated dishes and maintained without further splitting. No foci formation was observed after a three weeks period indicating that the Stat3alphaC infected cells had not lost contact-inhibition ( Figure 1B ). Also cloning Stat3alphaC in the originally described vector back bone (RcCMVStat3alphaC) did not change our results. Again, we failed to see any spontaneous focus formation (data not shown). Several proteins are associated with growth inhibition in murine fibroblast, among them JunB -a known target gene of Stat3 and an important tumor suppressor protein (17) . As depicted in Figure 1C , we found that the expression of Stat3alphaC indeed up-regulated the AP-1 transcription factor JunB and the cell cycle inhibitor protein p16 INK4a . Whereas cyclin D1 was only slightly up-regulated, we observed a significant down-regulation of the cell cycle kinase cdk6, which has been described to be controlled by JunB (18) . No increase in apoptotic cell death was observed upon Stat3alphaC infection; accordingly we failed to detect any difference in the expression of bcl xL and survivin (data not shown). Taken together, we conclude that the enforced expression of Stat3alphaC in murine fibroblasts resulted in a reduction of cell proliferation rather than promoting transformation.
Stat3alphaC blocks c-myc induced transformation in primary murine fibroblasts
JunB is not only a known inhibitor of cell proliferation in murine fibroblasts but also capable of inhibiting transformation. We therefore established an assay system that allowed us to study whether Stat3alphaC would influence transformation by a single oncogene. MEFs from p53 -/-mice were prepared; p53 -/-MEFs allow transformation by a single oncogene e.g. by either c-myc or a constitutive active mutant of ras (rasV12) alone. Figure  2A summarizes our efforts. Infection of p53 -/-MEFs with either rasV12 or c-myc resulted in loss of contact inhibition and focus formation. Most interestingly, focus formation by c-myc -but not rasV12 -was blocked by co-infection and the concomitant expression of Stat3alphaC. To repeat and verify this surprising result with a different assay system, the following experiment was performed: p53 -/-MEFS were infected with c-myc in combination with an empty vector or Stat3alphaC and subsequently plated in growth factor-free methylcellulose ( Figure 2B-D) . As an additional control for the infection process, western blots were performed ( Figure 2C ). The cells were subsequently cloned in growth factor free methyl cellulose to test for anchorage independent growth. The colonies were counted after ten days. The c-myc-infected cells gave rise to significantly higher colony numbers when co-infected with the empty vector compared to co-infection with Stat3alphaC ( Figure  2D ). To test tumor formation in vivo we injected an aliquot of the infected cells subcutaneously into nu/nu mice. Ten days thereafter solid tumors were excised. Tumors were detected in all mice that had been injected with fibroblasts infected with either rasv12 or c-myc alone or rasv12 in combination with Stat3alphaC. No tumor formation could be detected when c-myc was co-expressed with Stat3alphaC ( Figure 2E ). Moreover, we used bcl xL to evoke spontaneous transformation in p53 -/-MEFs that was readily detectable in focus formation assays. Again, co-infection with Stat3alphaC abolished focus formation indicating that Stat3alphaC not only blocked oncogene-induced but also spontaneous transformation ( Figure 2F ).
Stat3beta is constitutively active when expressed in fibroblasts
Our data so far indicated that Stat3alphaC was rather acting as a tumor suppressor than promoting tumor formation. However, transformation is a process that strongly depends on the cellular context. We therefore decided to express constitutive active versions of Stat3 in a different setting involving primary cells and to include both -Stat3alpha and Stat3beta -that had been shown to have unique and non-overlapping functions. Analogous to Stat3alphaC an active version of Stat3beta was generated, where constitutive dimer formation was induced by the same mutation in the SH2 domain (in the following termed Stat3betaC). All retroviral constructs were cloned into a pMSCV-IRES-GFP backbone and tested by transient infections into 293T cells. As expected, the transfection of 293T cells with Stat3alphaC resulted in constitutive Stat3 DNA binding activity that was further enhanced by IL-6 treatment. The expression of wild type Stat3alpha resulted in a Stat3 DNA binding activity solely in the presence of IL-6. Most interestingly, Stat3beta constitutively bound DNA in our assay conditions irrespective whether the activating mutation was present or not. Super-shift experiments verified that the DNA binding was indeed caused by a Stat3 complex ( Figure 3A) . Since the antibody recognizes the C-terminus, only Stat3alpha is supershifted. Western blot analysis revealed that the constitutive DNA binding of Stat3beta in the absence of IL-6 was accompanied by constitutive tyrosine phosphorylation (data not shown). As Stat3beta lacks the serine phosphorylation site, serine phosphorylation was only detectable on Stat3alpha (data not shown) To investigate whether the persistent activation of Stat3beta is a distinct property of 293T cells and requires the presence of wild type Stat3, the experiments were repeated in Stat3 -/-fibroblasts. Comparable results were obtained ( Figure 3B) . Again, the enforced expression of Stat3beta induced Stat3 DNA binding activity that was paralleled by tyrosine phosphorylation irrespective whether IL-6 was present or not (data not shown).
Constitutive active Stat3 (Stat3alphaC and Stat3beta) induces leukemia in mice
Stat3 affects hematopoiesis at various levels including B cell proliferation or granulopoiesis (19, 20) . We therefore addressed the role of constitutive Stat3 isoforms in a bone marrow transplantation setting. For this experiment bone marrow was isolated and infected with Stat3alpha, Stat3alphaC, Stat3betaC or the empty vector alone. We abstained from including Stat3beta since no significant difference regarding activation was observed compared to Stat3betaC. However, in a later experiment Stat3beta was included and showed super-imposable results regarding disease-latency and phenotype to infections with Stat3betaC (data not shown). It is also worth mentioning that we obtained an infection rate of about 50% using the empty vector alone or 10 to 20% using a Stat5 construct, whereas we only obtained infection rates around 1-2% using the retroviral vectors encoding any version of Stat3 in primary bone marrow cells (Figure 4 and data not shown). The infected bone marrow was subsequently used to transplant lethally irradiated mice that were followed over a fifteen month's period after transplantation. Six weeks after the transplantation, peripheral blood was drawn and analyzed for the presence of GFP + cells. Mice that had received a constitutive active mutant of Stat5 showed significant numbers of GFP + cells in the periphery ( Figure 4B ). In contrast, the peripheral blood of the animals transplanted with versions of Stat3 -irrespective of which construct had been used -only possessed low levels of GFP + cells ( Figure 4B ). Mice that had been transplanted with bone marrow after infection with the empty vector or wild type Stat3alpha did not develop any abnormalities up to 15 months of age. At this time point the animals were sacrificed ( Figure 4C ). In contrast, all mice that had received Stat3alphaC or Stat3beta developed leukemia and/or lymphoma as early as 3 months after transplantation. The animals had severely enlarged spleens, suffered from hepatomegaly and displayed enlarged intestinal lymph nodes ( Figure 4D) . Some of the animals also had developed a pronounced thymoma.
Histological analysis reveals highly aggressive T cell lymphoma/T cell leukemia
FACS analysis was performed from six out of twelve animals and revealed that all malignant cells shared the expression of the surface marker Thy1.2. The cells were therefore classified as T lymphoid cells. In addition, in the three mice that had received bone marrow transduced with Stat3alphaC, the infiltrating cells showed expression of CD8, but were negative for CD4. In contrast, in the animals that had received Stat3beta transduced bone marrow the malignant cells were positive for CD4 or double positive for CD4 and CD8 (summarized in Table 1) . Surprisingly, we were not able to detect significant GFP expression within the leukemic cells ( Figure 4B ). We therefore verified the expression of the constitutive active version of Stat3 encoded by the retrovirus by RT-PCR. To do so, cDNA was prepared from leukemic cells from four diseased animals of each group. As depicted in Figure 5A the expression of the retroviral construct was readily detectable in samples derived from the retroviral producers as well as in the samples derived from the diseased animals. Moreover, we unequivocally verified that the leukemic cells were donor-derived and not the consequence of the lethal irradiation of the recipient animals. Analysis of the Y chromosome (we used male donors and female recipient mice) clearly linked the leukemic cells to the donor ( Figure  5B ). Histological samples of the diseased animals revealed a remarkable picture. All organs investigated were densely infiltrated with lymphocytic cells. These included not only the hematopoietic organs such as spleen and lymph nodes, but also the parenchymatous organs like liver, lung, kidney and salivary gland. The malignant cells were even found throughout the pericardium infiltrating the heart muscle ( Figure 6 ). The pattern of the lymphoid infiltrate was most consistent with a highly malignant lymphoma. The appearance of the cells was homogenous; the nuclei had a dense chromatin with relatively prominent nucleoli and a high proliferation rate indicated by high numbers of mitotic figures. The T-lymphoid origin of the malignant cells was further confirmed by anti-CD3 staining that revealed an almost homogenous T cell infiltrate ( Figure 7A ). The destructive infiltration pattern underscored the malignant potential of the disease. Since Stat3 was reported to suppress Fas expression and to regulate Fas/FasL induced apoptosis in malignant T cells (21), we also analysed Fas and FasL expression. We found that the malignant cells were characterized by the consistent expression of both, Fas and FasL ( Figure 7B and 7C and data not shown).
DISCUSSION
In this manuscript we demonstrate that Stat3 possesses both, proto-oncogenic as well as tumor suppressing activities depending on the cellular context. When expressed in primary mouse embryonic fibroblast, Stat3alphaC was capable of efficiently suppressing c-myc induced transformation as well as spontaneous transformation provoked by forced expression of bcl xL . Transformation and tumor formation by rasV12 was not affected. Among the downstream targets of Stat3alphaC that counteract transformation are the AP-1 transcription factor JunB and the cell cycle inhibitor protein p16
INK4a (22) . JunB homodimerizes to induce its target genes and thereby blocks proliferation and transformation in fibroblasts. JunB is antagonized by heterodimerization with c-Jun. It is attractive to speculate that rasV12 induced transformation escapes Stat3alphaC induced suppression by up-regulation of c-Jun protein.
Our observations differ from the original observation made by Bromberg and colleagues who first defined Stat3alphaC as an oncogene in a single immortalized cell line (4) . They found that the single expression of Stat3alphaC sufficed to transform rat fibroblasts and to induce tumor formation in nu/nu mice. Differences in the experimental procedures may explain this apparent contradiction; the use of primary mouse embryonic fibroblasts cannot be directly compared with experiments carried out in established and immortalized cell lines that had been maintained in culture for long time and where additional mutations cannot be ruled out. Furthermore, one might also reason that the deletion of p53 -as in our primary cells -might alter cellular responses upon Stat3alphaC activation. A direct interaction between Stat3 and p53 has been reported (23) . Recent evidence showed that the deletion of a single gene like the Stat3 target gene SOCS-3 suffices to convert the anti-apoptotic properties of Stat3 into a pro-apoptotic function (24) . The deletion of SOCS-3 in MEFs altered the expression and activation levels of Stat3 that as a consequence either induced apoptosis or protected from cytokine-induced apoptosis.
Whereas our study in fibroblasts defined Stat3 as a tumor suppressor, our observations in hematopoietic cells confirmed the general concept that Stat3 is a potent protooncogene. Expression of a constitutive active version of Stat3 induced a highly aggressive T cell lymphoma/leukemia upon bone marrow transplantations. The induction of the T cell malignancy required the constitutive activation of Stat3, as wild type Stat3 did not induce disease. This observation supports the concept that a permanent genetic programming of the cells is required to induce the transformed state. Stat3alphaC transduction induced malignant cells with the surface markers CD3 and CD8, whereas Stat3beta was associated with CD4 expression in the malignant cells. In two Stat3beta cases double positive cells (CD4/CD8) were found. Apart from these differences the phenotype of the disease looks superimposable irrespective whether the animals had received Stat3alphaC or Stat3beta transduced bone marrow cells. Another feature of the experiment was puzzling. The initial transduction of freshly isolated bone marrow cells with Stat3 constructs resulted in a significantly lower infection rate compared to controls with the empty vector alone or the infection with construct encoding an oncogenic version of Stat5. We reasoned that hematopoietic cells only tolerate a certain range of Stat3 expression and activation. We also found that v-abl transformed B lymphoid cells did not tolerate the enforced expression of Stat3alphaC (V. Sexl, unpublished observation). The low expression was not a feature of the retroviral constructs, since the identical Stat3 constructs resulted in a significantly elevated Stat3 and GFP expression in other cell types such as fibroblasts. Hematopoietic stem cells depend on Stat3alphaC for selfrenewal, the enforced expression of Stat3alphaC had no effect on stem cell function. It is therefore more likely that elevated Stat3 activation is not tolerated at the level of progenitor cells where Stat3 activation might be linked to differentiation and growth inhibition (25, 26) . Interestingly, Figure 5 . RT-PCR analysis to show retroviral expression in tumor tissues of mice that received bone marrow transduced with either Stat3alphaC or Stat3beta. (A) RNA was isolated and analyzed by RT-PCR for retrovirally inserted Stat3. Detection of Stat3 C-and N-terminus is shown for four Stat3alphaC (mouse a1-a4) and four Stat3beta (mouse b1-b4) recipients. Tissue of a naïve wt mouse (wt control) and Stat3alpha (alpha control) and Stat3beta (beta control) producer cells were used as controls. (B) Male mice served as donors whereas female mice were used as recipients. cDNA from leukemic cells was subjected to SRY specific PCR analysis. Tissues from female and male mice were used as negative or positive controls, respectively. our observations are in contrast to data obtained by others where the enforced expression of Stat3alphaC in hematopoietic cells did not induce malignancy and Stat3 expression was tolerated by hematopoietic cells (26, 27) . We have currently no satisfying explanation for this discrepancy; one reason might be the use of fundamentally different experimental procedures with regard to both, the packaging of the retrovirus as well as the generation and infection of the primary bone marrow cells.
The Stat3 target JunB has been associated with growth inhibition and decreased transformation in B lymphoid cells, whereas it is expressed at elevated levels in T cell malignancies (28) . Both, Stat3 and JunB have been demonstrated to enhance NPM-ALK induced tumor formation (6, 29) . Ultimatively, the fatal T cell disease induced by transplantation of Stat3 transduced bone marrow is most likely the consequence and result of Stat3 regulating hematopoiesis at various levels.
However, at the time point of fatal disease the malignant cells lacked significant GFP expression although the retroviral insertion and expression within the leukemic cells was unequivocally demonstrated. Overall, the disease can clearly be linked to activated Stat3 proteins, since the forced expression of wild type Stat3 or the empty vector did not result in any tumor development. We have currently no convincing explanation for this phenomenon. Based on the low expression levels of activated Stat3 a significant contribution of Stat3 induced immuno-suppression appears unlikely (12) .
One of the most characteristic common features of the malignant cells was their highly aggressive and invasive behavior. The transformed cells did not only infiltrate hematopoietic organs but also lung, liver, salivary glands, and were even found throughout the pericardium infiltrating the myocardial muscle. A key function for Stat3 in T cell infiltration by regulating chemokine secretion and chemokine receptor expression has been demonstrated (30) . Moreover, in an in vivo model for peritoneal inflammation T cell recruitment, but not B cell recruitment crucially depended on Stat3 activation (30) . Apart from chemokine signaling Stat3 regulates the expression of several genes that are involved in wound healing and metastasis (31) . In particular, the expression of metallo-proteinases -critical determinants of invasion and metastasis -depend on Stat3 proteins (32) (33) (34) . Several metalloproteinases are transcriptionally regulated by Stat3. A significant correlation between Stat3-phosphorylation and tissue invasiveness has also been described in human tumors. In gastric, ovarian and colorectal carcinoma as well as cutaneous squamous cell carcinoma a high activation level of Stat3 was associated with a high depth of tumor invasion (35) (36) (37) (38) . Besides transcriptional effects, Stat3 also directly enhance cell migration by direct interaction with components of the cytoskeleton (39) . In ovarian cancer cells phosphorylated Stat3 was found to localize to migrating protrusions (37) . Others implicated Stat3 downstream of RhoGTPase induced cell migration or in signaling downstream of integrins (40, 41) . Although different mechanisms and signaling pathways were described in all these reports they reached a common conclusion, namely that the activation of Stat3 increased the motility of cells. These properties -enhanced cell migration and increased tissue invasiveness -seem to be mediated by both, Stat3alphaC and Stat3beta. Some of these features are reminiscent of TH17 cells that also need to infiltrate tissues and where Stat3 has recently been described as a key regulator (42) (43) (44) . Our work elucidates a novel aspect of the biology of Stat3. It defines Stat3 as tumor promoting agent capable of inducing a T cell malignancy. In addition we provide evidence that in some cells activated Stat3 may also suppress tumorigenesis.
